Using autonomous molecular analytical devices embedded within an ocean observatory, we studied harmful algal bloom (HAB) ecology in the dynamic coastal waters of Monterey Bay, California. During studies in 2007 and 2008, HAB species abundance and toxin concentrations were quantified periodically at two locations by Environmental Sample Processor (ESP) robotic biochemistry systems. Concurrently, environmental variability and processes were characterized by sensors co-located with ESP network nodes, regional ocean moorings, autonomous underwater vehicle surveys, and satellite remote sensing. The two locations differed in their longterm average physical and biological conditions and in their degree of exposure to episodic wind-forced variability. While anomalously weak upwelling and strong stratification during the 2007 study favored toxigenic dinoflagellates (Alexandrium catenella), anomalously strong upwelling during the 2008 study favored toxigenic diatoms (Pseudo-nitzschia spp.). During both studies, raphidophytes (Heterosigma akashiwo) were detected within a similar range of concentrations, and they reached higher abundances at the relatively sheltered, stratified site. During 2008, cellular domoic acid reached higher concentrations and was far more variable at the shallower ESP node, where phytoplankton populations were influenced by resuspended sediments. Episodic variability caused by wind forcing, lateral mixing, internal waves, and subsurface phytoplankton layers influenced ESP detection patterns. The results illustrate the importance of mobilizing HAB detection on autonomous platforms that can intelligently target sample acquisition as a function of environmental conditions and biological patch encounter.
Far-reaching effects of harmful algal blooms (HABs)-on ecosystem and human health and on the viability of fisheries, aquaculture, and tourism-motivate greater understanding of natural and anthropogenic factors modulating HAB dynamics (Ramsdell et al. 2005; Jewett et al. 2008) . The Science Plan for the international program Global Ecology and Oceanography of Harmful Algal Blooms (Glibert and Pitcher 2001) identifies the core requirement of ''specialized and highly resolving measurements to observe and describe the biological, chemical, and physical interactions that determine the population dynamics of individual species in natural communities.'' Improving techniques for monitoring and early detection of HABs and gaining a better understanding of how HABs are ultimately linked to larger oceanographic and biological processes are recognized as research priorities (ORION Executive Steering Committee 2005; Jewett et al. 2008) . To that end, programs have been initiated that combine data collected from a variety of sources, such as moored and mobile in situ sensors, satellite imagery, shore-and shipbased sample collections, and cabled observatories (Babin et al. 2008; Trainer et al. 2009 ). As part of that overall effort, field-deployable instruments and handheld kits are being developed and employed to expedite the detection of phytoplankton species and associated toxins, thereby reducing the need for returning samples to a laboratory for analysis (Babin et al. 2005; Casper et al. 2007; Campbell et al. 2010) . One instrument that enables autonomous in situ detection of plankton and the harmful substances they may produce is the Environmental Sample Processor (ESP). The ESP uses molecular probe technology to detect a variety of organisms remotely, including marine bacterioplankton, invertebrates, and HAB species (Greenfield et al. 2008; Preston et al. 2009; Scholin et al. 2009 ), as well as the phycotoxin domoic acid (DA) (Doucette et al. 2009 ). Previous work with the ESP has focused on method development and instrument validation trials. Here we present results from the first applications of ESP networks to HAB ecology research within an ocean observing system framework.
The study region, Monterey Bay, California ( Fig. 1) , is a highly dynamic and productive coastal upwelling environment in the central California Current System (CCS). Winddriven upwelling in the CCS greatly enhances nutrient supply to the euphotic zone and, thus, primary productivity. Sheltered conditions occur in northern Monterey Bay as a result of its recessed position oceanographically-in the lee of the Point Añ o Nuevo upwelling center (Fig. 1 )-and meteorologically, in the lee of the Santa Cruz Mountains; this situation reduces the northern Bay's exposure to strong northwesterly wind forcing (Breaker and Broenkow 1994) . These effects of coastal geomorphology are largely responsible for a phenomenon known as the Monterey Bay 'upwelling shadow' (Graham and Largier 1997) . Prolonged residence time and weak wind mixing in northern Monterey Bay promote local heating, evident as warm surface temperature (Fig. 1a) . Phytoplankton populations thrive on episodic nutrient supply within these sheltered waters (Fig. 1b) , and different types of phytoplankton blooms incubate within this area and may rapidly spread from there McManus et al. 2008; Ryan et al. 2008b) .
Among the HAB species that are often present and may bloom in Monterey Bay are toxigenic diatoms of the genus Pseudo-nitzschia (Scholin et al. 2000; McManus et al. 2008) ; dinoflagellates, including Cochlodinium fulvescens, Alexandrium catenella, and Akashiwo sanguinea (Curtiss et al. 2008; Jessup et al. 2009; Ryan et al. 2010a) ; and the raphidophyte Heterosigma akashiwo (O'Halloran et al. 2006; Greenfield et al. 2008) . A recent shift in the dominant phycotoxin producers in northern Monterey Bay, from diatoms toward dinoflagellates, has been documented (Jester et al. 2009 ).
The primary objectives of this study were to detect and estimate the abundance of several HAB species and an algal biotoxin simultaneously in different locations using a network of ESP instruments and to examine HAB species ecology by integrating ESP network observations with environmental data from in situ and remote sensing. Two ESPs were deployed, one at each of two sites expected to experience different oceanographic conditions and phytoplankton communities. These sites were located along the southern and northern peripheries of the Monterey Bay upwelling shadow (Fig. 1) . Site E1, along the southern periphery, was more subject to episodic variability of intruding water masses transported into the bay during upwelling-and downwelling-favorable wind forcing (Graham and Largier 1997; Ramp et al. 2005; Ryan et al. 2009 ). Site E2, along the northern periphery, was nestled within an area expected to be more insulated from regional mesoscale dynamics (Ryan et al. 2008b) . Additional in situ observations were provided by observing system moorings M0, M1, and M2 (Fig. 1b) , an autonomous moored vertical profiler deployed at E2 during the 2007 experiment, and an autonomous underwater vehicle (AUV) that provided synoptic multidisciplinary observations around and between the ESP sites during both experiments (Fig. 1c) .
Each ESP was equipped with molecular probe arrays to detect key HAB species that are problematic in coastal regions globally, including toxic diatom species of the genus Pseudo-nitzschia, the dinoflagellate A. catenella, and the raphidophyte H. akashiwo (Greenfield et al. 2006 (Greenfield et al. , 2008 . Each ESP also carried protein arrays to detect the phycotoxin DA, which is produced by toxigenic Pseudonitzschia spp. and is a well-established threat to humans and wildlife. The organisms targeted by ESP are often present in Monterey Bay at concentrations below the levels at which HAB events and their effects typically occur, and previous studies have shown that ESP can detect the targeted HAB species at these sub-harmful levels (Greenfield et al. 2008) . Presence of multiple HAB species and occasional blooms that can affect marine food webs make Monterey Bay an ideal location for exploring the application of ocean observing systems to autonomously detect HAB species and toxins and to study environmental forcing of HAB events. This study highlights the challenges associated with forecasting the development and distribution of nascent HABs in regions where multiple causative species occur, and it illustrates the prospective utility of using molecular analytical techniques in a remote context to reveal potentially harmful organisms well before associated negative effects may arise.
Methods
ESP network sampling-The procedure by which the ESP collects and processes whole water samples in situ has been described previously (Jones et al. 2008 ; Preston et al. 2009; Scholin et al. 2009 ). Preparation of HAB deoxyribonucleic acid (DNA) probe arrays (henceforth 'HAB array') for use with sandwich hybridization assays (SHA; after Scholin et al. 1999) aboard the ESP followed the method of Greenfield et al. (2006) , with modifications for normalization of conjugate activity and Optitran BA-S 83 Reinforced Nitrocellulose Membrane (Whatman, Schleicher & Schuell) according to Greenfield et al. (2008) . HAB arrays used SHA capture probes for Pseudo-nitzschia australis (auD1); Pseudo-nitzschia multiseries (muD1); Pseudo-nitzschia multiseries; pseudodelicatissima (muD2); H. akashiwo (Het1); A. catenella (NA1); and a control probe (AlexComp) that was diluted 1 : 1000. The sequences for all DNA probes used in this study (capture and signal), as well as standard curves used to calculate approximate cells per liter from completed HAB arrays, can be found in Greenfield et al. (2008) .
The limit of detection (LOD) for each capture probe on the HAB array is defined operationally, based upon data from Greenfield et al. (2008) , as 3 standard deviations above the array background. This approach has been used previously for SHA in the plate format (Mikulski et al. 2008 The methods for extracting DA from Pseudo-nitzschia cells and quantification of DA levels using a competitive enzyme-linked immunosorbent assay (cELISA) technique onboard ESP followed the method of Doucette et al. (2009) . The cELISA limit of detection (in-water DA concentration; sample volume 1 liter) was , 2 ng L 21 . As a result of problematic cELISA calibrations for E1 during the 2007 study, toxin quantification was possible only at E2. The 2007 E2 DA results were published in demonstrating the method (Doucette et al. 2009 ), so here we present DA results only for 2008.
ESP network deployments took place during 30 August-26 September 2007 and 04-24 October 2008. During each study ESPs were deployed at the same two locations and were programmed to collect samples synchronously. The sites for ESP deployment were located relative to average conditions derived from satellite data ( Fig. 1 ; satellite methods described below). Site E1 (36.83uN, 121.90uW; bottom depth , 70 m) was located along the climatological outer boundary of the warm, chlorophyll-rich waters of northern Monterey Bay. Site E2 (36.93uN, 121.97uW; bottom depth , 25 m) was placed closer to shore, within an area of the warmest, most chlorophyll-rich 'upwelling shadow' waters. HAB arrays were run on whole water (up to 1-liter) samples. Shortly following completion of each HAB array, the ESPs collected and processed samples for DA quantification. The offset between the starts of HAB and DA sample acquisition ranged between 2 h and 3 h. HAB and DA array images and instrument log data were periodically uploaded to a shore station using radio telemetry.
Moored environmental sensors-To unambiguously describe environmental attributes of ESP sampling, measurements exactly co-located with each ESP are essential. Each ESP was deployed with (1) a Sea-Bird Electronics (SBE) 16+ conductivity-temperature-depth (CTD) sensor, (2) a Turner Designs Cyclops-7 chlorophyll fluorometer, (3) a WetLabs C-star transmissometer, and (4) an in situ ultraviolet spectrophotometer (ISUS) for quantification of nitrate (Johnson and Coletti 2002) . All sensors were routinely maintained and calibrated. Chlorophyll fluorometers were calibrated by the manufacturer using standards from extracted spinach chlorophyll. Environmental measurements were taken every 20 min and uploaded to a shore station along with ESP array images and instrument log data.
Environmental sensing was augmented by meteorological and oceanographic measurements at long-term mooring sites M0, M1, and M2 (Fig. 1) . In this study we used wind observations at M2 and sea surface temperature (SST) measurements at M1 and M0 to examine regional wind forcing and oceanographic responses. AUV surveys-The AUV Dorado was repeatedly deployed to survey northern Monterey Bay during each experiment (Fig. 1c) . Physical, chemical, and optical sensors on the AUV (Ryan et al. 2009 ) provided multidisciplinary observations with sufficient resolution and synoptic coverage to describe hydrographic variability and phytoplankton patchiness around and between the ESP nodes. The same chlorophyll fluorometer with the same calibration was deployed on the AUV in both studies presented here. This fluorometer was calibrated in a laboratory facility using standards from extracted spinach chlorophyll. In all surveys the AUV executed sawtooth profiling to map vertical sections along the tracks shown in Fig. 1c . During the 2007 experiment, the AUV survey was designed to provide broad-scale coverage of the entire northern bay. Profile depth tracked bottom depth, and the AUV remained , 5 m above bottom at the lower inflection points. During the 2008 experiment the AUV survey was designed to provide higher temporal and spatial resolution. This was achieved with small-scale volume surveys around each ESP and a section between them (Fig. 1c) . For each mission, the AUV completed two roundtrip surveys. To achieve higher horizontal resolution, we constrained survey depth to 35 m in deeper waters (. 40 m).
Satellite remote sensing-This study used remote sensing data from the Moderate Resolution Imaging Spectro-radiometer (MODIS) Aqua satellite sensor for two purposes: to define average conditions ( Fig. 1 ), which were in turn used to determine where to place ESP nodes, and to examine differences in regional conditions during the two study periods. The processing methods for this MODIS data set are documented (Ryan et al. 2009 ). Chlorophyll fluorescence line height (FLH) is a proxy for phytoplankton abundance, and previous studies have shown that results from this linear-baseline algorithm better represent patterns of intense phytoplankton blooms in Monterey Bay than do results from band-ratio chlorophyll algorithms (Ryan et al. 2009 ). To illustrate regional upwelling response during the 2008 study, we use SST images from the Advanced Very High Resolution Radiometer (AVHRR) constellation of sensors, which can provide greater temporal resolution than MODIS SST. The methods of AVHRR processing are documented (Ryan et al. 2010b) .
Results
Environmental conditions during the 2007 and 2008 ESP network deployments-Upwelling-favorable (equatorward) winds were stronger and more persistent during the 2008 study compared to the 2007 study (Fig. 2) . Quantified relative to the 1992-2009 monthly climatology at M2, alongshore equatorward (upwelling-favorable) winds were weaker than average (by 27%) during the 2007 study and stronger than average (by 55%) during the 2008 study. The lag between equatorward wind forcing and appearance of the coolest SST at M1 and M0 is due to the time required for transport of cold waters from their origin in the Point Añ o Nuevo upwelling center ( Fig. 1a ; Rosenfeld et al. 1994) . The first upwelling pulse during each experiment caused SST decreases at M1 and M0: 31 August to 05 September 2007 and 09-11 October 2008. While the magnitudes of SST decreases were similar during each study, , 4uC, cooling occurred more rapidly and was more persistent in 2008 (Fig. 2) . Vertical thermal stratification, a key influence on phytoplankton ecology, differed accordingly. The average temperature difference between the surface and 10-m depth at M0 (E1) during the 2008 study was 51% of that in 2007.
The stronger and more persistent upwelling during 2008 (Fig. 2) was pronounced in regional SST, which was cooler throughout the bay, compared with 2007 (Fig. 3a,b) . Chlorophyll FLH was also higher throughout the bay during the 2008 study (Fig. 3c,d ). The pattern of this difference may be related not only to stimulation of phytoplankton growth by greater influx of upwelled nutrients during the 2008 study but also to intrusion of low-chlorophyll waters into the southern bay during the 2007 study. Similar patterns of low-chlorophyll, lowsalinity intrusions result from wind relaxations and reversals (Ryan et al. 2008a (Ryan et al. , 2009 (Ryan et al. , 2010a . The 2007 study was marked by a strong poleward wind event during 06-07 September and by greater persistence of complete wind relaxation (Fig. 2a) . Low-chlorophyll waters prevailed at M1 (Fig. 3c) , and water column data from M1 clearly showed a strong low-salinity event during 07-17 September (http://dods.mbari.org/lasOASIS/).
The regional variability observed by in situ and remote sensing (Figs. 2, 3 ) was evident in the conditions measured by the sensors co-located with E1 and E2 ( (Table 1) was associated with a gradual increase in nitrate and chlorophyll concentrations during the second half of the experiment (Fig. 4b,c) . These high nitrate values at the depth of E1 were confirmed with independent nitrate measurements from an ISUS sensor on the AUV. The gradual nature of the nitrate increase is consistent with the gradual cooling of the second upwelling pulse during the second half of the experiment (Figs. 2a, 4a,b) .
Overview of ESP detection of HAB species and toxin-
The different oceanographic conditions during the two studies coincided with distinct patterns of HAB species detection by ESP molecular assays. During 2007, signals of HAB species were almost entirely constrained to A. catenella and H. akashiwo (Fig. 4e,f) . A single quantifiable signal for P. multiseries; pseudodelicatissima occurred at E1 on 18 September (Fig. 4d ). This coincided with the second regional upwelling response of the study, which was distinguished from the first in that it was more gradual and persistent, as evident by the temperature, nitrate, and chlorophyll (Figs. 2a, 4a-c) .
In contrast, HAB species detection during 2008 was dominated by signals of Pseudo-nitzschia spp. at both sites. P. australis, P. multiseries; pseudodelicatissima, and DA concentrations showed similar temporal patterns through a , 10-d pulse that followed the arrival of cold, nutrient-rich waters at both sites ( Fig. 5a-f) . Although P. australis were not detected at either site until after the start of the upwelling influence, quantifiable signal for probe muD2 indicated that low concentrations of at least one member of the P. multiseries; pseudodelicatissima species complex were present at E1 prior to the upwelling pulse. Peak cell concentrations were an order of magnitude higher for P. multiseries; pseudodelicatissima than for P. australis during 2008 (Fig. 5e,f) and nearly an order of magnitude greater than the single detection of the 2007 deployment (Figs. 4d, 5f). A pulse in H. akashiwo abundance was observed at E2 following the pulse in Pseudo-nitzschia spp. populations ( Fig. 5e-g ). The ranges of cell concentrations for H. akashiwo in the two studies were comparable (Figs. 4f,  5g ). Unlike in 2007, A. catenella were not detected during 2008.
Integration of 2007 molecular and environmental observations-Bay-wide conditions mapped by AUV during the 2007 study showed strong variation in stratification, the presence and intermixing of regional water types, and phytoplankton abundance (Fig. 6) . During the earlier part of the study, thermal stratification was relatively weak around E1 and relatively strong around E2 (Fig. 6a, 04-05 September). A low-salinity lens was evident around E1 early in the experiment, and intrusion of low-salinity waters into the study site was much stronger toward the end of the experiment (Fig. 6b) . E1 was more affected by low-salinity intrusions during the early and late phases of the study. Chlorophyll concentrations were higher throughout the study region toward the end of the experiment, particularly around E1 (Fig. 6c) . The maximum signals of both A. catenella and H. akashiwo at E1 co-occurred on 05 September (Fig. 4e,f) . AUV sections on 04 and 05 September show that E1 resided in the thermocline and sampled near the base of a low-salinity lens, where a subsurface chlorophyll maximum persisted (Fig. 7) . The chlorophyll fluorescence maximum around E1 coincided with a maximum in particle backscattering (not shown), indicating that it was a true phytoplankton biomass maximum and was not caused by quenching of fluorescence near the surface (Cullen and Eppley 1981; Holm-Hansen et al. 2000) .
The only quantifiable Pseudo-nitzschia spp. signal during the 2007 study occurred on 18 September at E1 (Fig. 4d) , when chlorophyll concentrations were elevated (Figs. 4c,  6c ). Environmental sensor data show that this sample was acquired immediately following a period of rapid temperature change (2.7uC increase in 20 min), coincident with similarly rapid increases in chlorophyll and salinity (Fig. 8) . (Fig. 15) .
AUV sections on 17-18 September show that E1 resided in the strong thermal and biological gradients of the thermocline (Fig. 9) . A low-salinity lens evidently advected onshore between 17 and 18 September, such that the lens and a corresponding cold anomaly resided directly below E1 (Fig. 9b) . Thus, the rapid environmental changes preceding the P. multiseries; pseudodelicatissima detection at E1 (Fig. 8) were likely caused by movement of the cold, low-salinity lens relative to E1 (Fig. 9) . Sample acquisition was evidently from the base of the warmer, more saline, and chlorophyll-rich mixed layer.
The only quantifiable signal of A. catenella at E2 occurred on 18 September (Fig. 4e) . A series of four sharp peaks in temperature and chlorophyll occurred at E2 beginning early on 18 September, and the ESP sampling that resulted in A. catenella detection coincided with the fourth peak (Fig. 10) . The sampled peak was associated with a high-frequency shift in water column structure, consistent with the passage of an internal wave (Fig. 11) . A near-concurrent synoptic AUV map shows internal waves across a range of scales around E2 on 18 September (Fig. 12) . We interpret that depression of the shallow waters by an internal wave (Fig. 12) caused the thermal and chlorophyll peak during which E2 sampled A. catenella (Fig. 11) .
The MVP time series adjacent to E2 illustrates the range of frequency across which environmental forcing was occurring at this site (Fig. 13) . The two pulses of cold water following the upwelling winds (Fig. 2a) affected temperature, salinity, and chlorophyll of the entire water column at E2 (Fig. 13) . Diurnal and semidiurnal variations in water column structure were pronounced throughout the time series. Variation in this frequency band is related to tidal and wind-forced advection (Petruncio et al. 1998; Woodson et al. 2007 Woodson et al. , 2009 ). The highest frequency of variability resolved with hourly profiles was due to internal waves (Figs. 10-13 ). Because E2 resided mostly below the high-chlorophyll, near-surface waters during this deployment (Fig. 13) , local vertical movement of plankton populations by internal wave forcing may have been a primary factor in determining ESP sample results. Fig. 1c , and the depth range shown is 2-35 m. Each survey comprised more than 750 profiles acquired in , 18 h. Each survey was started in the southeastern corner, east of E1, in the early afternoon and was completed approximately 2 h after sunrise the next day at E1. Because both surveys followed the same spatial pattern on the same daily schedule, comparison of fluorometric chlorophyll levels at the same places along each survey is not confused by effects of diel light variation on the quantum yield of fluorescence.
to describe development of the strong upwelling pulse (Fig. 2b) throughout the Monterey Bay region (Fig. 14) . Although upwelling centers north and south of Monterey Bay were active, the Añ o Nuevo upwelling center north of Monterey Bay (Fig. 1) supplied upwelled waters to the northern bay ESP network nodes. As indicated by remote sensing (Fig. 14) and in situ observations (Fig. 5 ), E1 and E2 were similarly affected by the advected upwelled waters. Consistent with the measurements at the ESPs ( Fig. 5 ; Table 1 ), chlorophyll concentrations mapped by AUV surveys were higher around E1 than E2 (Fig. 15) . Elevated chlorophyll concentrations also extended over a greater depth (Fig. 4) . (a) 04 September AUV survey data were acquired starting , 18 h before ESP sample acquisition; (b) 05 September AUV survey data were acquired starting , 6 h after ESP sample acquisition. Interpolated vertical sections were derived from 90 profiles acquired in 2.6 h of mid-afternoon, and both surveys followed the same spatial pattern on the same daily schedule. With these sampling attributes, neither description of the spatial patterns in fluorometric chlorophyll concentrations within each section nor comparison between the two sections would be confused by effects of diel light variation on the quantum yield of fluorescence. Fig. 8 . Temperature, salinity, and chlorophyll concentration at E1 before, during, and following the 18 September 2007 detection of Pseudo-nitzschia multiseries; pseudodelicatissima (Fig. 4d) . The vertical gray bar shows the E1 sample intake period. range at E1, which was located adjacent to the strongest frontal gradients caused by the upwelling pulse (Fig. 15a-c) .
Despite differences in chlorophyll concentrations and vertical distributions at E1 and E2 (Figs. 5c, 15 ), Pseudonitzschia spp. abundance estimates from ESP sampling were within a similar range (Fig. 5e,f) . At E2 DA concentrations reached higher levels and exhibited greater variability ( Fig. 5d ; variance higher by a factor of . 5 at E2). Stronger influence of resuspended sediments was also observed at E2, evident in the AUV sections as the columns of highest optical backscattering in the relatively lowchlorophyll waters around E2 (Fig. 15) . The coincident Fig. 9 . Synoptic maps of conditions relevant to the detection of Pseudo-nitzschia multiseries; pseudodelicatissima at E1 on 18 September 2007 (Fig. 4d) . (a) 17 September AUV survey data were acquired starting , 19 h before ESP sample acquisition; (b) 18 September AUV survey data were acquired starting , 5 h after ESP sample acquisition. Interpolated vertical sections were derived from 92 profiles acquired in 2.7 h of mid-afternoon, and both surveys followed the same spatial pattern on the same daily schedule. With these sampling attributes, neither description of the spatial patterns in fluorometric chlorophyll concentrations within each section nor comparison between the two sections would be confused by effects of diel light variation on the quantum yield of fluorescence. (Fig. 4e) . The vertical gray bar shows the E2 sample intake period.
attributes of high particle backscattering and low chlorophyll fluorescence indicate the prevalence of particles that are not active phytoplankton-likely resuspended sediments.
By 21 October, Pseudo-nitzschia spp. and DA signals from the ESP network were either very low or absent ( Fig. 5d-f) . AUV surveys during 21-22 October showed that major changes in the environment had occurred relative to 13-15 October (compare Fig. 15d ,e with Fig. 15a-c) . Depletion of nitrate was evident in shallow waters across the ESP network by 21 October (Fig. 15d) , consistent with the relatively warm SST (Fig. 14j) . Horizontal density and nitrate gradients were significantly diminished, and high-chlorophyll concentrations were limited to relatively small patches (Fig. 15d,e) . These high-resolution maps of the changed physical, chemical, and biological fields are consistent with the point measurements at the ESPs (Fig. 5) . Resuspended sediments were still evident around E2 (Fig. 15d,e) , but their optical signal was weaker than it had been during the primary upwelling response (Fig. 15a-c) .
The other HAB array signal during the 2008 study was from H. akashiwo, which was present at E2 prior to the upwelling pulse and exhibited increased abundances during and following the pulse in Psuedo-nitzschia spp. (Fig. 5g) . H. akashiwo concentrations were markedly higher at E2 than at E1, and peak concentrations at E2 on 17 October followed a major decline in nitrate concentrations the previous day (Fig. 5b,g ). The nitrate and temperature oscillations that occurred on 16-18 October indicate that the mooring was in a frontal zone, and the temperature peak and nitrate trough that coincided with the 17 October sample indicate that the sample was acquired from the warmer, more nutrient-depleted side of the front. Satellite Fig. 11 . Water column profiles adjacent to E2, concurrent with the 18 September 2007 sampling of Alexandrium (Fig. 10) and 6 1 h. Fig. 12 . Synoptic maps of conditions relevant to the detection of Alexandrium at E2 on 18 September 2007 (Fig. 4) . AUV survey data were acquired starting , 6 h before ESP sample acquisition. Interpolated vertical sections were derived from 40 profiles acquired in 1.9 h during dark early morning of 18 September; thus, spatial patterns in fluorometric chlorophyll would not have been strongly influenced by diel variation in the quantum yield of fluorescence. data from 16 October confirm that E2 was in a frontal zone with warmer, higher chlorophyll waters east of the mooring ( Fig. 14i; chlorophyll not shown).
Discussion
The molecular analytical and environmental observing network revealed clear relationships between environmental conditions and HAB species composition in Monterey Bay. A primary environmental factor was the strength of upwelling and associated patterns in stratification. Upwelling was anomalously weak during 2007 and anomalously strong during 2008. At the E1 site, where vertical thermal stratification could be consistently quantified during each study, stratification was likewise greater during 2007 by a factor of 2. A. catenella, a motile dinoflagellate presumably favored by relatively strong stratification (Joint et al. 1997; Lechuga-Deveze and Morquecho-Escamilla 1998; Blasco et al. 2003) , was only detected during the 2007 study. The motile raphidophyte H. akashiwo was detected at much higher abundances at E2 than at E1 during both studies. The E2 node was in the more sheltered area of the Monterey Bay upwelling shadow, which is known to incubate blooms of species favored by stratification (Ryan et al. 2008b) . In contrast, the strong upwelling pulse at the start of the 2008 study was associated with a distinct pulse in the primary toxigenic diatom genus of the CCS, Pseudonitzschia. A previous study of multiple sites in the CCS showed the greatest abundance of toxic Pseudo-nitzschia spp. and the highest DA levels in waters associated with upwelling zones near coastal headlands (Trainer et al. 2000) . Monterey Bay is downstream of an upwelling center at the Point Añ o Nuevo headland, and this upwelling center was the dominant influence on water mass variability during this study.
Average upwelling intensity in the CCS (Bakun 1973 ), including more specifically Monterey Bay (Pennington and Chavez 2000) , decreases from summer to fall. If upwelling conditions and HAB species composition during our studies were determined primarily by average seasonal variation, we would expect that September 2007 would have experienced stronger upwelling and possibly a stronger signal from HAB diatoms favored by strong upwelling. Instead, we observed the opposite-anomalously strong upwelling and higher HAB diatom signals during the October 2008 study. Because interannual and episodic variations in this region are so great, the observed departure from the expected average seasonal pattern is not surprising. In October 2008, during the second study, the Pacific Decadal Oscillation (PDO) reached its lowest (most negative) level since November 2005. Negative PDO indices are associated with positive upwelling wind stress anomalies and cold SST anomalies along the eastern North Pacific. Although we may speculate that large-scale lowfrequency variability may have influenced our results, the substantial analysis required to investigate this possibility is beyond the scope of this article.
While SST at both sites was similarly affected by upwelling events during both studies, there were significant differences between the sites with regard to HAB species composition, utilization of nitrate, and toxin variability. These differences imply the importance of small-scale variability. The environmental observations showed that the patterns of HAB detection by the ESPs were influenced by a variety of episodic processes and small-scale variability. During the 2007 study, maximum signals of both A. catenella and H. akashiwo at E1 occurred when the ESP sampled a subsurface chlorophyll maximum layer in a frontal zone. Previous studies in Monterey Bay have shown that intense phytoplankton thin layers can form in the upwelling shadow (McManus et al. 2008; Ryan et al. 2010a; Sullivan et al. 2010) and that frontal dynamics in this region of the bay, including local nutrient flux and vertical shear, may enhance development of layers (Ryan et al. 2008a (Ryan et al. , 2010a . Detection of A. catenella at E2 coincided with sampling of an internal wave perturbation at that site, during which the relatively warm, chlorophyll-rich waters of the mixed layer were depressed around the ESP. This may have influenced not only the water around the mooring but also the concentration of phytoplankton in the depressed mixed layer. Previous studies in this region of the bay using in situ and remote sensing have described apparent concentrations of phytoplankton in troughs of internal waves (Ryan et al. 2005a,b) . During the 2008 study, the closer proximity of E1 to the strongest nutrient and density perturbations of an upwelling filament was associated with higher chlorophyll concentrations and a thicker chlorophyll-enriched layer. Also, persistent benthic-pelagic coupling at E2 was associated with greater (53) variability in cellular DA in Pseudo-nitzschia spp. We speculate that the much greater variability in cellular DA was related to the influence of resuspended sediments throughout the water column at E2. Sediments can contain trace metals that influence production of DA by Pseudonitzschia cells (Rue and Bruland 2001; Maldonado et al. 2002; Rhodes et al. 2006) . Moreover, elevated toxin levels are largely supported by adequate nitrate levels, which are required for the synthesis of nitrogen-rich DA (Pan et al. 1998) .
Although the complete measurements required to definitively interpret the complex ecological relationships of all detected HAB species were not acquired during our studies (e.g., iron and copper measurements in the resuspended sediments around E2 and their relationship to cellular DA concentrations), the high-resolution environmental data were essential to observe processes that are known to be important to HAB ecology. Further, the glimpses of small-scale influences on HAB population dynamics enabled by these intensive environmental observations motivate advancement of capabilities for adaptive sampling. For HAB species known to aggregate in subsurface layers, targeted mapping and sampling of phytoplankton layers would provide valuable adaptive sampling. This capability has recently been developed and tested using the Dorado AUV (Zhang et al. 2010) . Similarly, a detection algorithm for intermediate nepheloid layers has been developed and applied to zooplankton ecology studies in Monterey Bay (Ryan et al. 2010c) .
Fronts represent another key environmental target for adaptive sampling. Phytoplankton ecology is influenced by fronts in a variety of ways, including enrichment of growth conditions (Pingree et al. 1975; Ryan et al. 1999; Smayda 2002) , aggregation and transport of biomass (Tester and Steidinger 1997; Ryan et al. 2005b; Janowitz and Kamykowski 2006) , formation of thin biological layers by vertical shear (Franks 1995; Ryan et al. 2008a) , and coupling of the mixed layer with the bottom boundary layer (Ryan et al. 2005a ). Aggregation of biogenic surfactants at fronts has also been linked to a recently discovered mechanism by which dinoflagellate blooms can harm marine life (Jessup et al. 2009 ). At site E1, the site chosen to represent variability due to influx of different water types, frontal dynamics were pronounced during both studies. During the 2007 study, the maximum signals of both A. catenella and H. akashiwo coincided with the presence of a complex front in which a phytoplankton layer resided beneath a surface lowsalinity lens. This front was associated with a surface slick (indicative of convergence), lateral mixing, and crossfrontal interleaving of water types (Ryan et al. 2010b) . With the goal of better mapping and sampling fronts, algorithms for autonomous tracking of fronts have been developed and successfully tested in Monterey Bay using the Dorado AUV (K. Rajan unpubl.).
In addition to expanding capabilities, observing system design must consider cost efficiency. Different requirements for monitoring and research applications will require different configurations of observing assets. Monitoring at geographically fixed locations is effective when there is prior knowledge of the locations in which potentially harmful organisms incubate, are transported by coastal currents, or will contact human populations or sensitive aquaculture and fisheries resources. This knowledge can be used to design an efficiently scaled and effective observing program. Autonomous monitoring of water quality affected by pathogens and/or HABs at public beaches may cost effectively use piers as platforms, as has been tested with ESP at the Santa Cruz Municipal Wharf in Monterey Bay. If ocean moorings are required, selection of the number and location of observing nodes can be informed by knowledge of regional HAB ecology. Perhaps the clearest model system illustrating such an approach is that of Alexandrium spp. blooms in the Gulf of Maine, where biological and physical controls of bloom inception and regional expansion are well understood (Anderson et al. 2005) . Susceptible coastline across three New England states can be effectively monitored by relatively few strategically placed monitoring sites. Because of this efficiency, the first molecular long-term HAB monitoring network is being established in the Gulf of Maine. In regions where HAB ecology is more complex or not as well understood, prioritization and selection of sites for molecular monitoring may be based upon analyses of regional oceanographic and bloom conditions (Ryan et al. 2008b; Zhang and Bellingham 2008) and consideration of the most HAB-sensitive sites. Efficiency of molecular observations may be augmented not only by informed spatial planning but also by informed temporal expenditure of in situ molecular sensing resources. While some applications may require fixed-time sampling, such as monitoring of pathogens to inform beach closure on a daily basis, other applications allow more efficient, targeted use of molecular sensing. For example, real-time monitoring of ocean salinity, currents, and chlorophyll concentrations using in situ or remote sensing as well as model predictions (Li et al. 2009 ) can identify the times during which expenditure of in situ molecular analysis will provide critical information on Alexandrium in coastal waters of the Gulf of Maine. While regional observations and model predictions may define alerts, sensors co-located with the molecular detection nodes would provide the most robust basis for the triggering of adaptive sampling and expenditure of molecular resources.
While monitoring at geographically fixed locations will serve monitoring and research needs for HABs in many regions, some HAB research requires targeted patch sampling from mobile platforms. One of the primary conclusions from the research summarized here is that patchy, dynamic coastal waters present an extremely difficult sampling problem for which fixed-point moorings alone may be inadequate. In such complex coastal environments, greater effectiveness and cost efficiency may require focus on mobile AUVs rather than moorings. For example, blooms of toxigenic Pseudo-nitzschia incubate offshore in the Juan de Fuca eddy, and these blooms become a coastal management concern when they are transported into Washington coastal waters during storm events (Trainer et al. 2003 (Trainer et al. , 2009 ). In the case of an offshore source that may approach from a range of directions, an AUV with onboard molecular sensing capabilities could monitor blooms in the periphery of ecologically sensitive sites and provide early warning if toxic blooms approach. AUVs with relatively long endurance would be most appropriate to maintain monitoring presence, and intelligent expenditure of onboard molecular sensing resources would be essential. The next generation of ESP instruments will be significantly smaller than the current generation, allowing for integration with long-range AUVs. Algorithms for targeting sample acquisition with AUVs have been developed for phytoplankton patch sampling (Zhang et al. 2010) .
The ecological and socioeconomic effects of HABs motivate development of methods to advance not only the understanding of their ecology but also the ability to effectively and efficiently monitor and predict their occurrence. The molecular analytical and environmental sensing network employed in this study is an example of the integrated observing capabilities needed for this purpose. Simultaneous monitoring of HAB species and toxins enables detection of conditions that are of primary concern to human health-potential vectoring of toxins. This includes ASP toxin-producing Pseudo-nitzschia species, which pose health threats at relatively high cell concentrations, as well as PSP toxin-producing Alexandrium species, which may cause harm at very low cell concentrations. As for Pseudo-nitzschia, tests for Alexandrium and their toxins will be deployed together on ESP in the future. Complementing targeted molecular sensing, multidisciplinary, multi-scale observations of environmental variability support a greater understanding of HAB ecology, development of predictive models, and application of predictive models to target applications of observing systems.
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